The gut microbiome has been the center of attention for human commensal microbiome studies. For the vagina, another densely populated body site, 16S rRNA gene amplicon sequencing studies have identified community types and observed dynamic changes related to menstrual cycles and sexual behaviors in small cohorts. Here we perform metagenomic shotgun sequencing on cervical samples from 1148 volunteers (a cohort more than 20-fold of the Human Microbiome Project (HMP)). Factors such as pregnancy and delivery histories and contraception methods were all more important than menstrual cycle, and contributing to non-Lactobacilli bacterial or viral species in the vagino-cervical microbiome. Bifidobacterium was seen with older age at sexual debut or marriage; Streptococcus agalactiae was found in those who suffered a heavy menstrual flow. Other features such as mood fluctuations and facial speckles could potentially be deduced from the vagino-cervical microbiome. Lactobacillus crispatus and Prevotella bivia could be shared between the gut and the vagino-cervical microbiome. Oral microbiome, plasma vitamins, metals, amino acids and hormones showed clear associations with the vagino-cervical microbiome. Our results offer an unprecedented glimpse into the microbiota of the female reproductive tract and point to disease susceptibilities that may be relieved by behavioral changes.
INTRODUCTION
The human body is a supra-organism consisting of more microbial cells than human 7 cells. Studies in human cohorts and animal models have revealed an integral role 8 played by the gut microbiota in metabolic and immunological functions. Disease 9 markers as well as prebiotic or probiotic interventions are being actively developed. 10
Studies on other mucosal sites such as the vagina and the mouth lag behind; the 11 potential for the microbiota in these body sites has not been fully realized. The presence 12 of microorganisms beyond the cervix (i.e. the upper reproductive tract) is increasingly 13 recognized even in non-infectious conditions (Aagaard et al., 2014; Chen et al., 2017; Li 14 et al., 2018) , with much debated implications for women's and infants' health. 15
16
Lactobacilli have long been regarded as the keystone species of the vaginal microbiota. 17
Lactic acid produced by these microorganisms helps maintain a low vaginal pH of 3.5-18 4.5, and wards off pathogenic micro-organisms. Prevention of the human 19 immunodeficiency virus (HIV) and other sexually transmitted infections (STIs), preterm 20 birth and bacterial vaginosis (BV) has been a major effort. Due to the over 90% of 21 human sequences in female reproductive tract samples (Li et al., 2018; Methé et al., 22 2012) , most studies of the vaginal microbiota used 16S rRNA gene amplicon 23
Dominant bacterial and non-bacterial members of the vagino-cervical 47 metagenome 48
To explore the vagino-cervical microbiome, 516 healthy Chinese women aged 21-52 49 (median 29, 95% CI: 23-39) were recruited during a physical examination as the initial 50 study cohort ( Figure 1 ; Table S1 ). Cervical samples were collected using a cytobrush 51 and immediately preserved on Flinders Technology Associates (FTA) cards. 52
Metagenomic shotgun sequencing was performed on the DNA samples, and high-53
quality non-human reads were used for taxonomic profiling of the vagino-cervical 54 microbiome ( Figure 2) . 55
56
In agreement with 16S rRNA gene amplicon sequencing data from the US (Ravel et al., 57 2010) , the vagino-cervical microbiota of this Asian cohort was mostly Lactobacilli-58 dominated, while 19.19% of women harbored over 50% Gardnerella vaginalis (Figure 2 , 59 Figure S1A ). Some of the volunteers were dominated by Atopobium vaginae but not G. 60 vaginalis, which were commonly believed to co-occur in bacterial vaginosis (BV) 61 (Fredricks et al., 2005) . 22.67% of the cohort was dominated by Lactobacillus iners 62 ( Figure 2, Figure S1A ), which was far less protective against bacterial and viral 63 infections compared to Lactobacillus crispatus. Rare subtypes such as Bifidobacterium 64
breve, Lactobacillus johnsonii, Streptococcus anginosis, Lactobacillus amylovorus and 65
Escherichia coli were also detected in this cohort (Figure 2, Figure S1A ). Other 66 microorganisms including Clamydia trachomatis, Ureaplasma parvum, human 67 papillomavirus (HPV), herpesviruses, Haemophilus influenzae and Enterobacteria 68 phage were abundant in some individuals (Figure 2 ). According to the metagenomic 69 6 data, the vagino-cervical microbiome varied widely among individuals (Figure 2, Figure  70 S1A), and the mean proportion of non-bacterial sequences was 3.45%. The vaginal 71 types of G. vaginalis, L. crispatus, and B. breve showed lower proportions of human 72 sequences than other types ( Figure S1B ), suggesting that in future studies lower 73 amounts of sequencing could be used for these compared to other types. 74 75
Factors shaping the vagino-cervical microbiome and beyond 76
We computed the prediction value (5-fold cross-validated random forest model) of 77 female life history questionnaire on the microbiome data, and found the most important 78 factors to be pregnancy, marriage, mode of delivery, age at vaginal sexual debut, 79 current breast-feeding, contraceptive methods, menstrual cycle, and sexual intercourse 80 frequency ( Figure 3) . 81
82
Weaker but nonetheless significant dependences were observed between the vagino-83 cervical microbiome and practices such as sexual intercourse within 24 hours, HPV 84 vaccination, vaginal douching, oral probiotics, antibiotics and herbal medicine ( Figure 3) . 85 86 As a whole, the vagino-cervical microbial composition showed the greatest explained 87 variances for these questionnaire data collected for the female reproductive tract 88 samples , followed by other data collected on the same day, such as fecal microbiome 89 composition, psychological questionnaire, plasma metabolites, immune indices, facial 90 skin imaging and medical test data ( Figure 4A ). Self-assessed depression was the 91 strongest factor in the psychological questionnaire to be predicted by vagino-cervical 92 7 microbiome composition, spots on the cheeks constituted the best predicted factor in 93 facial skin imaging, and plasma phosphoserine was ranked the first metabolites (Figure 94 4B) . 95 96 Specific influences from pregnancy histories, contraception and menstrual 97 symptoms 98
Marriage was one of the most significant factors to influence the vagino-cervical 99 microbiome ( Figure 3 ). It showed negative correlations with relative abundances of L. 100 crispatus, Acinetobacter species, L. jensenii, L. vaginalis, Ureaplasma parvum, and 101
Comamonas testosteroni, and positive correlation with Bifidobacterium breve (Figure 5A , 102 Table S2 ). Compared to unmarried women, married women had higher concentrations 103 of plasma vitamin D, and their plasma testosterone (responsible for sexual drive), 104 dehydroepiandrosterone (DHEA), and creatinine had declined ( Figure 5A ). The age at 105 vaginal sexual debut showed positive correlations with Gardnerella vaginalis and 106
Scardovia species, and negative associations with L. crispatus and L. iners ( Figure 5B , 107 Table S2 ). 108 8 Vaginal deliveries were associated with decreased L. crispatus, L. jensenii, Bartonella 117 species, Prevotella timonensis, and increased Lactobacillus sp. 7_1_47FAA ( Figure 5D , 118 Table S2 ). We observed a lower relative abundance of Ureaplasma parvum in 119 individuals who delivered by cesarean section ( Figure 5E , Table S2 ), a bacterium 120 commonly isolated from pregnant women (Anderson et al., 2013) and recently reported 121 in the lower respiratory tract of preterm infants (Pattaroni et al., 2018) . Compared with 122 vaginal deliveries, the plasma concentrations of testosterone, androstenedione, 123 methionine, threonine and tryptophan were significantly lower in women who 124 experienced caesarean section ( Figure 5D , 5E). In addition, these women more often 125 suffered from an abnormal leucorrhoea ( Figure 5E ). 126
127
In our cohort, 63 volunteers happened to be actively breast-feeding. L. crispatus, and L. 128
iners was found to be less abundant in these actively breast-feeding individuals ( Figure  129 9 associated with sleep and appetite, and mental state, while positively associated with 140 plasma levels of mercury (Hg) and vitamin E ( Figure 6 ). L. iners negatively correlated 141 with times of spontaneous abortion, days since last menstrual bleeding, condom usage 142 and the plasma concentration of vitamin D and vitamin A, and positively correlated with 143 plasma concentrations of hemoglobin, asparagine and alanine. In addition, vaccination 144 history, such as those against HPV may be associated with higher relative abundance 145 of L. iners ( Figure 6 ). Vaginal douching within the past month positively correlated with 146 E. coli in the gut microbiome ( Figure 6 ), which might contribute to urinary tract infections. 147
148
We found multiple significant associations between the contraceptive methods of 149 participants and their vagino-cervical microbiome. Condom usage showed negative 150 correlations with L. iners and Comamonas species, and positive associations with 151
Prevotella species (Table S2 , Figure 6 ). Oral contraceptives, on the other hand, were 152 associated with increased Ureaplasma parvum, Comamonas species and 153 Mycoplasmataceae ( Figure 5G , Table S2 , and Figure 6 ). Comamonas has been 154 implicated in fecundity in C. elegans and identified as a marker for infertility due to 155 endometriosis (Chen et al., 2017; MacNeil et al., 2013) . Moreover, oral contraceptives 156 exhibited a positive correlation with plasma homocitrulline, and as yet not significant 157 declines in mental health and butyrate-producing fecal microbiota species such as 158 Faecalibacterium prausnizi and Roseburia intestinalis ( Figure 5G ), which could 159 potentially contribute to the known side effect of oral contraceptives in cardiovascular 160 risk. Thus, although lack of contraception could lead to infection, none of the 161 contraceptive methods appeared healthy for the microbiome in the long run.
163
Menstrual phases are known to influence the microbiota in the female reproductive tract 164 (Chen et al., 2017; Gajer et al., 2012) . We confirmed in our cohort that L. iners gradually 165 decreased in proportion after menses, coinciding with the increase in progesterone and 166 the decrease of plasma threonine and arginine ( Figure 5H ). White blood cell counts 167 (WBC) also recovered after menses, consistent with greatest susceptibility to infection 168 at the onset of menses. L. vaginalis, L. johnsonii and Weissella species showed 169 negative correlations with self-reported regular periods ( Figure 6 ). Streptococcus 170 agalactiae, Propionibacterium acnes and Dialister micraerophilus were positively 171 associated with a heavier flow ( Figure 6 ). Many women experience dysmenorrhea 172 during menses. Individuals with dysmenorrhea were enriched for Pseudomonadales, 173
Acinetobacter and Moraxellaceae, while lower in plasma level of histidine ( Figure 5I ), 174 consistent with these bacteria producing histidine decarboxylases to convert histidine 175 into histamine (Cundell et al., 1991) . 176 177
Omics factors associated with vaginal types, immune and metabolic functions 178
The omics data also significantly differed among individuals with the different vaginal 179 types ( Figure S1 , Figure S3 ). The women with types of B. breve and G. vaginalis had 180 older age at vaginal sexual debut ( Figure S3A ), and the results advocate for getting a 181 partner at a younger age. The types characterized by L. crispatus and L. jensenii were 182 overrepresented in the women who were not married yet or had fewer pregnancies 183 (Figure S3B, C). We observed higher plasma levels of proline and creatinine in the S. 184 anginosus-type individuals, but lower plasma levels of 11-deoxycortisol and 17α-185 11 hydroxyprogesterone ( Figure S3D -G). The plasma concentrations of 11-deoxycortisol, 186
17α-hydroxyprogesterone and testosterone were higher in individuals of the L. 187 crispatus-type than in L. iners and G. vaginalis type individuals ( Figure S3F functions (Andrada et al., 2017; Ganesh et al., 2017) . Fecal Coprococcus comes, a 201 bacterium previously reported to associate with cytokine response to Candida albicans 202 (Schirmer et al., 2016) , was seen here to associate with isoleucine pathways in the 203 vagino-cervical microbiome ( Figure S4 ). 204 205 Validation in a more heterogeneous cohort along with oral microbiome data 206
In an independent cohort of 632 individuals that differed in age distribution (Figure 1 , 207 Table S3 ), we again investigated the factors that explain the vagino-cervical microbiome 208 12 and vice versa. Consistent with the initial cohort of 516 individuals, questionnaire entries 209 such as pregnancy history, breast-feeding, delivery mode and times were found as the 210 most important factors to influence the vagino-cervical microbiome in this cohort ( Figure  211 S5). The oral microbiome, which was reported to show similarity to the placenta 212 microbiome (Aagaard et al., 2014) , showed notable associations with the vagino-213 cervical microbiome (Table S4) The integrated association network between omics also revealed patterns that were 231 highly similar to the initial cohort ( Figure 7 , Table S5 ). Age, pregnancy history, current 232 breast-feeding showed negative correlations with relative abundances of L. crispatus, L. 233 jensenii, L. vaginalis, L. iners and U. parvum. We also reconfirmed a lower relative 234 abundance of U. parvum and a higher abundance of P. timonensis and P. buccalis in As the largest metagenomic study for the vagino-cervical microbiome, our data revealed 252 lesser known subtypes for the vaginal microbiota, and put into context viral and fungal 253 sequences present in healthy women. Our multi-omic data on a cohort of young women 254 could help target efforts aimed at promoting a healthy reproductive tract microbiota and 255 offering better advices for mothers from pregnancy to recovery, as well as preventing 256
infections from viruses such as the human immunodeficiency virus (HIV) and HPV. For 257 example, whether vitamin D supplementation should be considered in African countries 258 to reduce vaginal L. iners, and therefore HIV and BV susceptibility. While the focus in 259 the field has always been infection, our data highlight major aspects (e.g. marriage, 260 delivery methods, breast-feeding, contraception) that are worth further investigations for 261 women in the modern world. The vagino-cervical microbiome of postmenopausal 262 women was also probed for the first time, revealing a myriad of viral and bacterial 263 species. While fungal growth might be unfavorable both due to high pH and lack of 264 glycans. densely populated microbiota other than the distal gut, the vagino-cervical microbiota 274 15 has the potential to reflect or even influence physiology elsewhere in the human body. 275
Beauty industry might be attracted to this important ecosystem in order to radiant from 276 within. 277
278

STAR METHODS 279
Detailed methods are provided in the online version of this paper and include the 280 following: 281 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS 488
Initial Study Cohort 489
All the 516 volunteers were recruited between May 2017 and July 2017 during annual 490 physical examination in BGI-Shenzhen, China. Baseline characteristics of the cohort are 491 shown in Table S1 . 492 24 The study was approved by the Institutional Review Boards (IRB) at BGI-Shenzhen, 493 and all participants provided written informed consent at enrolment. 494
Validation Cohort 495
An independent cohort of 632 were also recruited between May 2018 and July 2018 496 during annual physical examination in BGI-Shenzhen, China. The volunteers who 497 underwent physical examination for two consecutive years were excluded from the 498 validation cohort. The process of omics data collection was consistent with the initial 499 study cohort. In addition, saliva samples were collected only in this cohort. Baseline 500 characteristics of the cohort are shown in Table S2 . 501
The study was approved by the Institutional Review Boards (IRB) at BGI-Shenzhen, 502 and all participants provided written informed consent before any material was taken. 503
METHODS DETAILS 504
Demographic Data Collection 505
During physical examination, the volunteers received three kinds of online questionnaire. 506
The female life history questionnaire contained pregnancy and delivery history, 507 menstrual phases, sexual activity, contraceptive methods. The lifestyle questionnaire 508 contained age, disease history, eating and exercise habits. The psychological 509 questionnaire contained the evaluation of irritability, dizziness, frustration, fear, appetite, 510 self-confidence, resilience (Table S1, S3). 511 512
Samples Collection 513
Cervical samples were collected and smeared in the Flinders Technology Associates 514 
Water-soluble Vitamins Measurements 585
200 µl plasma were deproteinized with 600 µl methanol (Merck), water, acetic acid 586 (9:1:0.1) containing internal standards, thiamine-(4-methyl-13C-thiazol-5-yl-13C3) 587 hydrochloride (Sigma-Aldrich), levomefolic acid-13C, d3, riboflavin-13C,15N2, 4-588 pyridoxic acid-d3 and pantothenic acid-13C3,15N hemi calcium salt (Toronto Research 589 Chemicals). 500 µl supernatant were dried by nitrogen flow. 60 µl water were added to 590 the residues, vortexed, the mixture was centrifuged and the supernatant was for 591 analysis. The analysis was performed by UPLC coupled to a Waters Xevo TQ-S Triple 592
Quad mass spectrometry (Waters, USA) with the electrospray ionization (ESI) source in 593 positive ion mode. A Waters ACQUITY UPLC HSS T3 column (1.7 µm, 2.1 × 50 mm) 594
was used for water-soluble vitamins separation with a flow rate at 0.45 ml/min and 595 column temperature of 45 °C. The mobile phases were (A) 0.1 % formic acid in water, 596 (B) 0.1% formic acid in methanol. The following elution gradient was used: 0-1 597 min,99.0%-99.0% A; 1-1.5 min, 99.0% A-97.0% A; 1.5-2 min, 97.0% A-70.0% A,2-598 3.5 min, 70% A-30% A; 3.5-4.0 min, 30%A-10.0%A; 4.0-4.8 min, 10%A-10.0%A; 4.9-599 6.0 min, 99.0%A-99.0%A. Multiple Reaction Monitoring (MRM) was used to monitor all 600 water-soluble vitamins. The mass parameters were as follows, the capillary voltages of 601 3000V and source temperature of 150°C were adopted. The desolvation temperature 602 was 500°C. The collision gas flow was set at 0.10 ml/min. The cone gas and 603 desolvation gas flow were 150 l/h and 1000 l/h, respectively. All water-soluble vitamins 604 standards were purchased from Sigma-Aldrich (USA). 605 606 29
Fat-soluble Vitamins Measurements 607
250 µl plasma were deproteinized with 1000 µl methanol and acetonitrile, (v/v,1:1) 608 (Fisher Chemical) containing internal standards, all-trans-Retinol-d5, 25-609
HydroxyVitamin-D2-d6, 25-HydroxyVitamin-D3-d6, vitamin K1-d7, α -Tocopherol-d6 610 (Toronto Research Chemicals). 900 µl supernatant were dried by nitrogen flow. 80 µl 611 80% acetonitrile were added to the residues, vortexed, the mixture was centrifuged, and 612 the supernatant was used for analysis. The analysis was performed by UPLC coupled 613 to an AB Sciex Qtrap 4500 mass spectrometry (AB Sciex, USA) with the atmospheric 614 pressure chemical ionization (APCI) source in positive ion mode. A Waters ACQUITY 615 UPLC BEH C18 column (1.7 µm, 2.1 × 50 mm) was used for fat-soluble vitamins 616 separation with a flow rate at 0.50 ml/min and column temperature of 45 °C. The mobile 617 phases were (A) 0.1 % formic acid in water, (B) 0.1% formic acid in acetonitrile. The 618 following elution gradient was used: 0-0.5 min,60.0%-60.0% A; 0.5-1.5 min, 60.0% A-619 20.0% A; 1.5-2.5 min, 20.0% A-0% A,2.5-4.5 min, 0% A-0% A; 4.5-4.6 min, 0%A-620 60.0%A; 4.6-5.0 min, 60.0%A-60.0%A. Multiple Reaction Monitoring (MRM) was used 621 to monitor all fat-soluble vitamins. The mass parameters were as follows, Curtain gas 622 flow 30 l/min, Collision Gas (CAD) was medium, Ion Source Gas 1 (GS 1) flow 40 l/min, 623
Ion Source Gas 2 (GS 2) flow 50 l/min, Nebulizer Current (NC) 5, temperature 400 °C. 624
All fat-soluble vitamins standards were purchased from Sigma-Aldrich (USA), Toronto 625 research chemical (TRC). 626 627 30
Immune indices Measurements 628
10 ml whole blood was centrifuged at 3,000 r/min for 10 min, then 165 µl buffy coat 629 were obtained to extract DNA using MagPure Buffy Coat DNA Midi KF Kit (Magen, 630 China). The DNA was sequenced on the BGISEQ-500 platform using 200 bp singled-631 end reads. The data processing was performed using Immune IMonitor (Zhang et al., 632 2015) . 633 634
Medical Parameters 635
All the volunteers were recruited during the physical examination. The medical test 636 including blood tests, urinalysis, routine examination of cervical secretion. All the 637 medical parameters were measured by the physical examination center and shown in 638 Table S1and Table S3 . 639 640
Facial Skin feature 641
The volunteers were required to clean their face without makeup after they got up in the 642 morning. The volunteer's frontal face was photographed by VISIA-CRTM imaging 643 system (Canfield Scientific, Fairfield, NJ, USA) equipped with chin supports and 644 forehead clamps that fix the face during the photographing process and maintain a fixed 645 distance between the volunteers and the camera at all times. Eight indices were 646 obtained including spots, pores, wrinkles, texture, UV spots, porphyrins, brown spots 647 and red area from the cheek and forehead, respectively (Table S1, S3). The percentile 648 of index was calculated based on the index value ranked in the age-matched database 649 (Table S1, S3). The higher the percentile of index, the better the facial skin appears. 650 31 651 Physical fitness test 652 8 kinds of tests were performed to evaluate volunteers' physical fitness condition (Table  653 S1, S3). Vital capacity was measured by HK6800-FH (Hengkangjiaye, China). Single-654 legged stance with eyes closed was measured by HK6800-ZL. Choice reaction time 655
was measured by HK6800-FY. Grip strength was measured by HK6800-WL. Sit and 656 reach was measured by HK6800-TQ. Sit-ups was measured by HK6800-YW.
Step 657 index was measured by HK6800-TJ. Vertical jump was measured by HK6800-ZT. We 658 got a measure value from each test. Then each measure value score was assigned 659 grades A through E based on its corresponding age-matched database. 660
661
QUANTIFICATION AND STATISTICAL ANALYSIS 662
Quality control, Taxonomic annotation and abundance calculation 663
The sequencing reads of fecal samples and saliva samples were quality-controlled and 664 then aligned to hg19 to remove human reads as described previously (Fang et al., 665 2018) . Stringent condition for removal of host sequences was used for cervical 666 samples (Li et al., 2018) , through alignment to the GRCh38 reference. 667
Taxonomic assignment of the high-quality cervical metagenomic data and saliva 668 metagenomic data were performed using MetaPhlAn2 (Segata, 2012) . 669
Taxonomic assignment of the high-quality fecal metagenomic data was performed using 670 the reference gene catalog comprising 9,879,896 genes (Li et al., 2014) . Taxonomy of 671 the fecal MLGs/MGSs were then determined from their constituent genes, as previously 672 et al., 2019; Nielsen et al., 2014; Qin et al., 2012; Wang and Jia, 2016) . 673 32 674
Random-forest on the influence of female life history factors 675
The factors in female life history questionnaire were fitted against the relative 676 abundances of metaphlan2 profile (found in at least 10% of the samples) in the cervical 677 samples using default parameters in the RFCV regression function from randomForest 678 package in R. All the categorical variables were converted into continue variables, and 679 nominal variables were converted into dummy variables. Spearman's correlation 680 between measured value and 5-fold cross-validation predicted value was calculated, 681 then rank the key predictable factors. 682
683
The global effect size between vagino-cervical microbiome and omics data. 684
To evaluate the combined effect size of vagino-cervical microbiome on omics data, we 685 used forward stepwise redundancy analysis of omics data lists on the relative 686 abundances of metaphlan2 profile in forward.sel function in the packfor package in R. 687
This analysis provided a global versus global association between any two omics 688 datasets that maximize the associations by use the most predict power non-redundant 689 predictors. 690 691
The factors in each type of omics predicted by vagino-cervical microbiome 692
The factors in each type of omics were fitted against the relative abundances of 693 metaphlan2 profile (found in at least 10% of the samples) in the cervical samples using 694 default parameters in the RFCV regression function from randomForest package in R. 695 33 All the categorical variables were converted into continue variables, and nominal 696 variables were converted into dummy variables. Spearman's correlation between 697 measured value and 5-fold cross-validation predicted value was calculated, then rank 698 the top 8 predictable factors in each type. 699 700
Wisdom of crowds for robust network construction between vagino-cervical 701 microbial species and other omics data 702
A new Multi-omics analyses method (Marbach et al., 2012) was used to integrated 703 coefficient of linear regression, variance importance from randomForest and 704
Spearman's correlation to construct omics flux networks and then visualized in 705
CytoScape. The details are as indicated: 706
Step 1: Data processing. All categorical variables in other omics data were converted 707 into continuous variables, and nominal variables were converted into dummy variables. 708
Missing values were filled with median, the samples which contained more than 70% 709 missing variables were removed. The microbial species less than10% in all the samples 710 were also removed. Removed near zero variable variables. For linear models, variables 711 were normalized. Outliers were defined as outside of the 95% quartiles and removed. 712
Step 2: Method implementation. Random forest variable importance was used to 713 identify the most important predictor variables (Louppe et al., 2013) . RFCV regression 714 function from randomForest package in R with default parameter was used to get the 5-715 fold average variable importance. We calculated the Spearman's correlation with the 716 cor.test function in base R software. For linear regression, we considered penalty 717 regression to overcome the sparse and co-linear problem, cv.glmnet function from 718 glmnet package in R was first used to figure out the best lambda parameter, 719 bootstrapping glmnet with 0.632 re-sampling was performed 100 times, then we 720 obtained the best lambda. 721
Step 3: Construction of robust networks. We kept first 5 average ranks for each target 722 variable and retained edges with Spearman's correlation Q-value <0.1. Then ggplot 723 package in R was used to make barplot for some representative female life history 724 factors ( Figure 5 ). CytoScape was also used to visualized the omics network ( Figure 6) . 725
The validation cohort was analyzed using the same statistical method. Combining P-726 value is computed using Edgington method from metap package in R. Benjamini and 727
Hochberg methods were used to adjusted the multiple test P-value. The correlation is 728 identified based on BH-adjusted P-value <0.1 when the similar microbial distribution 729 pattern shown in the initial study cohort and validation cohort. 730 731
Association between microbiome pathways and other omics 732
Pathway profile was calculated from the vagino-cervical metagenomic data using 733 humann2. Spearman's correlation was calculated between the relative abundance of 734 each pathway and other numerical data collected. R package heatmap were used for 735 visualization. Q-value <0.1 was considered as significant. 736
737
DATA AND SOFTWARE AVAILABILITY 738
Metagenomic sequencing data for all samples have been deposited to the (CNGB) 739 database under the accession code CNP0000287. Cheek UV spots score
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